ABSTRACT Presently, most simulations of ion channel function rely upon nonatomistic Brownian dynamics calculations, indirect interpretation of energy maps, or application of external electric fields. We present a computational method to directly simulate ion flux through membrane channels based on biologically realistic electrochemical gradients. In close analogy to single-channel electrophysiology, physiologically and experimentally relevant timescales are achieved. We apply our method to the bacterial channel PorB from pathogenic Neisseria meningitidis, which, during Neisserial infection, inserts into the mitochondrial membrane of target cells and elicits apoptosis by dissipating the membrane potential. We show that our method accurately predicts ion conductance and selectivity and elucidates ion conduction mechanisms in great detail. Handles for overcoming channel-related antibiotic resistance are identified.
INTRODUCTION
Ion channels play an essential role in cellular homeostasis and signaling. The study of their function is crucial both for an understanding of intercellular communication and to develop drugs against a plethora of channel-induced diseases (1, 2) . At present, Brownian dynamics (BD) simulations are the most established technique to study ion flux through channels on experimentally relevant timescales (3) . Their efficiency, however, is achieved through neglect of specific molecular interactions, channel structural detail, and macromolecular dynamics. By using more accurate atomistic equilibrium molecular dynamics (MD) simulations, transfer rates and selectivities of individual ions can be deduced from the reconstruction of potential-of-meanforce (PMF) landscapes. This approach, however, rests on considerable approximations such as a predefined reaction pathway, the application of (gas-phase) transition state theory on biological systems, and a limited coverage of correlated motions and multiparticle interactions. As a consequence, wide pores are especially difficult to treat (3) .
More recently, MD simulations with applied external electric fields have become a popular tool for the study of ion channels (4) (5) (6) . Despite initial concerns about a certain degree of artificiality (7, 8) , it has recently been shown that a constant external electric field is a valid representation of the influence of an electromotive force, exerted by a voltage difference between two electrodes (4) . Nonetheless, it is desirable to simulate sustained ionic concentration gradients such as Nernst gradients across the membrane, for instance to model reversal potential experiments on ion channels. Moreover, in biological cells and in experiments, the local effect of an electromotive force on the lipid bilayer, driving ion flux across channels, is actually conferred by a small charge imbalance across the membrane (4, 9) .
We present a computational method that controls both an ionic concentration gradient and a potential difference across the membrane-evoked by small charge imbalances in two aqueous compartments (7)-during atomistic MD simulations. The compartments are separated by a twobilayer setup, as used in earlier studies on the simulation of osmotic pressure acting on membranes (10) , and of osmotically driven water transport through carbon nanotubes (11) .
In these pioneering studies, the simulation system was separated into two compartments of unequal ionic strength, modeled as electrically neutral in each case. A similar setup was later used to establish potentials across nonpermeable membranes by a small charge imbalance between the two compartments (7), and to model short-term, unsustained flux bursts through nanopores (9) . In this study, the charge imbalance across the double-membrane configuration, as used before (7, 10, 11) , generates a sustained internal electric field. This closely resembles the situation in biological cells. The potential exerted by different ion concentrations in the two aqueous environments can be directly assessed by integration of the charge density, yielding a well-defined transmembrane voltage condition. We developed a particle interchange method, which exchanges ion/water pairs between buffer regions in both compartments to maintain a given concentration gradient and/or charge imbalance. In some respects, this concept is similar to the effect of ion-exchanging electrodes on a membrane/aqueous system, e.g., a pair of AgCl/Cl À electrodes, commonly used to establish transmembrane potentials, which remove or release Cl À from the bulk solution (4). We tested the method by applying it to the bacterial porin PorB from Neisseria meningitidis (Nme). The atomic structure of Nme PorB has recently been determined at 2.3 Å resolution (12) . Porins are trimeric b-barrels in the outer membrane of Gram-negative bacteria, acting as the principal passageways for ions and small molecules across the outer bacterial membrane (13) (14) (15) . The bacterial genus Neisseria contains two highly pathogenic species, Neisseria meningitidis (Nme) and Neisseria gonorrheae (Ngo), which cause bacterial meningitis and gonorrhea, respectively (16) . PorB is a particularly interesting channel because it is instrumental in serious infections such as bacterial meningitis: In the course of host infection, PorB inserts into the inner mitochondrial membrane of target cells, resulting in uncontrolled ion flux that dissipates the membrane potential and ultimately leads to cell death (17) . Porins such as PorB also form the major entryways for antibiotic molecules into Gram-negative bacteria (18) . PorB exhibits relatively large conductance and selectivity for anions (12) . As small changes in porin sequences contribute to bacterial antibiotic resistance, and an increasing number of multiresistant Neisseria strains have been reported (19, 20) , a markedly better understanding of ionic and molecular transfer through these channels is needed for the development of improved drugs.
Our method is not restricted to the study of wide porins, but applicable to membrane channels of all conductance levels, e.g., K þ channels. We implemented our computational scheme into the efficient MD software GROMACS (21) (see Methods for performance details). Most importantly, the timescales that can be attained in this way are of the same order as biological signaling processes; for instance, opening events of nicotinic acetylcholine receptors in synaptic transmission (4 ms) (22) . As experimental electrophysiology achieves a similar time resolution (6 ms) (22) , direct comparison of simulations with electrophysiological experiments is possible.
METHODS
All simulations were carried out using GROMACS 4.5 (21), for which the described ion/water exchange protocols were implemented.
Control of ionic concentrations
The studied simulation systems each contain two lipid bilayers separating aqueous compartments of similar size (Fig. 1, A and B) . Periodic boundary conditions are used in all three dimensions, and thus two distinct compartments are formed, labeled a and b in the figure. The compartments are defined as the volumes between the xy planes running through the center of mass (marked with a cross in Fig. 1 A) of each channel or channel multimer.
Under biologically relevant conditions, transfer of water molecules and solvated ions between compartments exclusively occurs through channels in the bilayer, if present in at least one of the membranes. To sample positive and negative potential differences at the same time, we use two channels, one residing in each membrane, oriented as shown in the figure with respect to the z axis.
The ion concentration in each compartment, and thus the charge imbalance Dq(t) and the potential difference DU(t), is regulated by exchanges of ions from one compartment with water molecules from the other compartment. Whether an exchange is performed and how exactly an exchange is carried out is controlled by one of the two following protocols.
Deterministic protocol
In the deterministic protocol, the number of anions n À and cations n þ is determined at regular, short intervals for each compartment, yielding ðn 
The deterministic protocol is constructed such that these reference values are restored.
At a given time step t, the current charge imbalance is calculated from the number of ions in each compartment as If the number of anions or cations in a compartment differs by one or more from its reference value, n À n ref R 1, each excess ion is immediately exchanged with a water molecule from the other compartment, such that the reference concentration is restored. The new ionic position is the center of mass of the water molecule, while the water molecule's center is shifted to the former ion position. Particle velocities are not carried over to the next compartment. To prevent that ions fluctuating around the compartment boundaries (in the channel, for example) lead to back-and-forth exchanges, the ion concentrations are averaged over a brief time span, such that the deviation from the reference concentration has to continue for a certain time to actually lead to an exchange event.
To keep the disturbance of the membrane/protein system by an exchange event as small as possible, we select particles that maximize the distance to the compartment boundaries for the exchange (see also Results and Biophysical Journal 101(4) 809-817 Discussion). Those are particles located near the central planes of the compartments, which are marked by dotted lines in Fig. 1 , A and B. One could also pick these particles from a broader buffer layer around the compartment midplanes (as in the switching protocol) at the cost of a somewhat larger disturbance. Our deterministic protocol is similar to the BD reinjection method of Corry et al. (23) . In bulk systems, ion release or removal, for instance at electrodes, takes place far from the membrane, at least compared with usual MD system sizes. This scheme thus does not fulfill the criteria for a grandcanonical treatment of the whole compartment, as this would require Monte Carlo-based exchange steps. However, as Corry et al. (23) have shown for BD simulations, realistic fluctuations of ion concentrations indeed occur near the points of interest, the membrane channels, also by using the simple reinjection method, as long as the buffer regions are chosen at sufficient distance. We observe similar ion fluctuations, also leading to realistic fluctuations in the locally acting transmembrane potential using this scheme. We have also compared the results obtained by this simple scheme to the use of a Monte Carlo (MC) nonequilibrium method below. For PorB, we applied the deterministic scheme with a moving average time window of 1 ps length.
In a short-circuited situation, the maximum current supported by this scheme was found to exceed that of the widest channels studied (porin trimers) by a factor of 100-1000. This demonstrates that the resistance introduced by the creation/annihilation buffers is by far smaller than that of membrane channels, and so the flux characteristics are governed by the channel resistance only.
Nonequilibrium switching protocol
Here, at regular, short time intervals t i , an ion is randomly selected from the buffer volume, defined as two layers centered around the compartment midplanes. The layers, which have a fixed thickness d and thus a fixed volume, are shaded light blue in Fig. 1 A. A random water molecule is selected simultaneously from the opposite buffer. Following Jarzynski and co-worker (24,25), we perform a short switching simulation of length t for this ion/water pair, from which we derive the work W t needed to get from the initial state A to state B with exchanged ion/water positions. The states are expressed by the Hamiltonians H A and H B , respectively. In the switching process, the coupling parameter l (26) progresses from 0 to 1, while the state evolves from A to B using the Hamiltonian
In state A, the chosen water molecule has all the properties of the applied water model, whereas in state B, it mimics its counterpart ion (Na þ or Cl -) by carrying no charges at the hydrogen positions but the ionic charge (þle/Àle) at the oxygen position. The counterpart ion is treated like the switchable water molecule, just with exchanged A and B states. The work associated with a single ion/water swap is
The exchange is accepted with a probability according to the Metropolis Monte Carlo (MC) criterion
where b ¼ k B T is the reciprocal thermal energy. The energy offset term W 0 , if nonzero, produces and maintains a charge imbalance between the buffer volumes. W 0 has a fixed absolute value, but its sign depends on the type of ion and direction of the swap attempt: In this scheme, W 0 is the adjustable parameter, determining the target energy difference between the two compartments and thus the resulting transmembrane potential gradient. Fig. 6 B, found later in this article, shows the charge imbalance obtained from setting W 0 to 125 and 175 kJ/mol in the PorB system, respectively. If the MC exchange attempt is rejected, the MD system is reset to time t i before the exchange attempt, or, if the MC move is accepted, the MD system continues to evolve from time t i þ t with the exchanged positions of the selected ion/water pair. After a certain time span of undisturbed MD, a new exchange is attempted with another ion/water pair selected from the buffer volumes. To keep the total ionic concentration within a small range around the desired concentration on both sides of the membrane, the MC anion or cation to be exchanged is selected from the compartment with a positive concentration difference. Any desired concentration ratio between the compartments can be retained with this protocol.
In contrast to the deterministic protocol, no force discontinuities arise from the position exchanges, because each swap is mediated by a smooth l-transition between ion and water.
Transmembrane potential
Nonbalanced charge distributions Dq between the compartments give rise to a transmembrane potential difference DU(t), according to the membrane capacitance C (DU(t) ¼ Dq(t)/C). We calculated DU(t) by using the implementation of the Poisson equation in the GROMACS tool g_potential (27) including a correction term to ensure that the potential is the same on both sides of the box (Fig. 1 C) . This is-to good approximation-true for large double-membrane systems composed of symmetric bilayers, even in the case of small asymmetries introduced by membrane proteins. It also holds for systems containing two antiparallel bilayers with asymmetric leaflets, as the dipole moment over the entire system is zero in both cases. It is important to note that, as Gurtovenko and Vattulainen have recently shown (28) , to accurately calculate the electrostatic potential in such a setup, one has to ensure that the centers of mass of each membrane/protein system do not show large fluctuations in z direction. Thus, in practice, a position restraint is applied on each bilayer/protein center during our calculations.
Simulation details
The membranes consisted of equilibrated and fully hydrated dimyristoylphosphatidylcholine (DMPC) lipid bilayers, each comprising 367 DMPC molecules. PorB trimers (Protein Data Bank entry 3a2r) were inserted into the bilayers using the tool g_membed (29) included in GROMACS 4.5. The aqueous compartments contained~26,000 water molecules each. The NaCl concentration was set to 1.0 mol/L, corresponding to 817 Na þ and 849 Cl À ions in each of the neutralized compartments, and, in a second set of simulations, to 0.2 mol/L, i.e., 155 Na þ and 187 Cl À ions in each neutral compartment. The volume of the membrane was accounted for in determining the ion concentration, as the membrane proved to attract and immobilize approximately the same number of ions a similar volume of water would contain. The AMBER99sb force field was used for the protein and ions (30) . Parameters for DMPC were derived from Berger et al. (31) , and water was modeled using the SPC/E water model (32) . Water-bond distances and bond angles were constrained using the SETTLE algorithm (33) , whereas all other bonds were constrained using LINCS (34, 35) . The temperature was kept constant by weakly (t ¼ 0.1 ps) coupling the lipid molecules, protein, and solvent separately to a temperature bath of 320 K using the velocity rescaling thermostat of Bussi et al. (36) . The slightly raised temperature was chosen to remain well above the temperature at which DMPC enters into gel formation. Modeling hydrogen atoms as virtual sites (37) allowed for an integration time step of 4 fs.
Simulations using the deterministic exchange protocol
Electrostatic interactions were computed with the smooth particle mesh Ewald method (38,39) using a short-range After an initial equilibration time of 10 ns length, during which position restraints were applied on the protein heavy atoms, imbalances of 4-12 elementary charges between the compartments were established and sustained by using the deterministic particle exchange protocol. In short intervals of 0.2 ps, checks were performed to determine whether the ion exchange condition is met and ion/water pairs were exchanged as needed. In this way, voltages of À300..300 mV were applied across the membrane (Fig. 1 C and see also Fig. 3 B) . A further equilibration period of 20 ns was used to allow the system to adapt to the electrochemical gradient. Then, trajectories of 50-250 ns length were computed for the various scenarios (Fig. 2) . Note that the voltage gradient across the lower membrane is the inverse of that across the upper bilayer (Fig. 1 C) .
Simulations using MC nonequilibrium switching
For a high accuracy, especially when determining the work W t associated with the position exchanges, the particle-mesh Ewald grid spacing was set to %0.120 nm, and the direct-space Coulomb potential was smoothly switched to zero between 0.9 and 1.0 nm. Lennard-Jones interactions were explicitly calculated up to 1.0 nm, and then smoothly switched to zero between 1.0 and 1.33 nm. Instead of Berendsen pressure coupling we used a constant volume in these simulations. Starting from the above described MD system after the initial 10-ns equilibration time, we let the system equilibrate for another 1 ns to adapt to the changed settings. Then we used the nonequilibrium switching protocol by attempting after every t i ¼ 1 ps of normal MD an ion/water exchange between the buffer volumes (see Fig. 1 A) of thickness d ¼ 2 nm each, using a switching time of t ¼ 1 ps and work offsets of W 0 ¼ 125 and 175 kJ/mol.
To test our protocol, we used a smaller double-membrane MD system without channels, consisting of 424 DMPC lipids separated in two membranes, and z25,000 water molecules, and 770 Na þ and 770 Cl À ions in total. Here, starting from neutral compartments, charge imbalances can exclusively occur due to accepted MC moves. For this test, the ion/water buffer volumes were extended to include the whole compartment each. The average work associated with the exchanges was W t z 170(30), 52 (14) , and 30(7) kJ/mol for Na þ /water exchanges and 200(44), 67 (15) , and 40(9) kJ/mol for Cl À /water exchanges for switching lengths t ¼ 1, 10, and 50 ps, respectively (bracketed values give the standard deviation). For all three t-values we find that within 1-5 ns of simulation time for W 0 ¼ 0, 125, 250, and 375 kJ/mol, charge imbalances of Dqz 0.0, 3.9, 7.4, and 11.3 e are established, respectively (data not shown). The instantaneous Dq values are integer numbers varying around the averages, which were calculated from the last 20% of each trajectory. Whereas the equilibrium state based on W 0 is reached quickly, only about every 1000th exchange attempt is actually accepted when the system has reached equilibrium.
Potential of mean force
The potential of mean force for ions (see Fig. 4 B) was calculated by taking the logarithm of the density of each ion type i along the channel axis (z axis), according to G(z) ¼ Àk B T ln [n i (z)], where k B is the Boltzmann constant, T is the temperature, and n i (z) is the ion density as a function of the channel coordinate. Ion coordinates were analyzed from a trajectory of 100 ns length, using bins of 1 Å width and by normalizing to the channel cross-sectional area. The PMF value of the bulk z system boundary was set to G ¼ 0 (41, 42) . Errors were estimated by subdividing the trajectory into four parts of equal length and calculating the standard deviation of the average value within each bin. Fig. 3 A shows the net ion flux accumulated until the end of the simulation as a function of the set transmembrane charge imbalance Dq. For charge imbalance levels of up to 12 e, the ion flux can be described by a linear function. Conductance calculations L ¼ I/DU were based on ion current I as a function of the potential difference DU between the compartments. To obtain an error estimate, and because potential and flux are time-dependent, DU(t) and I(t) were determined within 20-ns time windows, with 10-ns overlap among consecutive slices. For each window, DU(t) was determined as shown in Fig. 1 C, whereas I(t) was derived by fitting a straight line to the ion flux in that time window. This way, each data point from Fig. 3 A results in a cluster of data points in Fig. 3 B, separated by shading. Combining the results from the three different Dq values and then fitting linear functions to those data gives the straight lines shown in Fig. 3 B for wild-type PorB (solid) and the G103K mutant (dashed). The dotted lines provide 95% confidence intervals for the slope estimate. Note that separate fits have been carried out for positive and negative U. The selectivity ratio (Cl À /Na þ ) is provided by the slope ratios.
Calculation of ion selectivity and conductance

RESULTS AND DISCUSSION
As shown in Fig. 1 , a double-bilayer system was used to separate two compartments in the periodic box. Particle exchanges occur according to one of two different protocols: In the deterministic protocol, each permeation event is followed by an exchange after a slight delay. In the nonequilibrium switching protocol, similar to a grand canonical ensemble (43) , the sum of ions in each compartment fluctuates around a mean value, whereas frequent Monte Carlo attempts ensure a preserved charge gradient over time.
Because the MC protocol is computationally more expensive, due to the large number of rejected exchange attempts, we adhered to the deterministic protocol for the majority of the simulations.
Conduction pathway and ionic conductance of PorB
The ion transfer mechanism inside PorB has been suggested to be unusual, as on the basis of its crystal structure, individual, almost noninteracting pathways for the diffusion of anions and cations were postulated (12) . Our method enabled us to study the molecular mechanism, ionic selectivity, and energetics of ion flux through PorB by applying electrochemical potential gradients on PorB trimers inserted into lipid bilayers.
As shown by an overlay of ionic positions from 500 simulation snapshots that cover 100 ns simulated time (Fig. 4 A) , we find that there is indeed virtually no overlap of the pathway that translocating cations and anions take along nearly the entire length of the PorB pore. A similar but somewhat less pronounced split between anionic and cationic pathways had previously been found in the general diffusion porin OmpF from Escherichia coli (44) . In PorB, anions almost exclusively pass along a cluster of basic residues on one side of the eyelet, whereas cations move along acidic residues lining the opposite wall, and this effect continues throughout the channel.
The flux of anions and cations, I A and I C , through wild-type PorB trimers during the simulations is plotted in Fig. 2 . Transmembrane charge imbalances of Dq ¼ 4, 8, and 12 e were probed and are indicated by shading. These data Computational Electrophysiologyreadily enable extraction of the principal experimental observables of electrophysiological channel measurements, conductance L ¼ I/DU and ion selectivity I A /I C . The potential difference DU needed to calculate the conductance, and arising from a given electrochemical gradient Dq, was calculated by solving the Poisson equation (Fig. 1 C, see Methods) . We determined the conductance in time windows of 20 ns. 1.0 nS, preference for Cl À over Na þ : 2.8) (45) , and also correspond to the consensus values across Neisserial PorB channels (19) .
PorB antibiotic resistance mutation
Porins are the major gateways for entry of small molecules into the cells of Gram-negative bacteria. Thus, for successful antibacterial therapy, porin channels must be passable for antibiotic molecules (18) . However, single-point mutations in PorB suffice to contribute to the development of resistance toward antibiotics, often in conjunction with efflux mechanisms (19) . It is expected that Neisserial infections are becoming a very difficult infection to treat within the next five years, so efforts to develop new antibiotic therapies are highly desirable (20) .
We investigated the effect of a functionally important single-point mutation in the channel interior on ionic current. The mutation G120K on loop 3 of Ngo PorB is known to contribute to resistance toward antibiotic molecules such as tetracycline and penicillin (19) . Fig. 2 demonstrates that the corresponding mutant, G103K Nme PorB (dashed), exhibits a fourfold raised anion selectivity. As highlighted by Fig. 4 C, this can be ascribed to an almost complete block of the independent cationic pathway by the additional single charge in the eyelet region, whereas the anionic conduction pathway remains unaffected. Thus, the electrostatic barrier inside the channel eyelet becomes almost insurmountable for cations. We suggest that the drastic alteration of the dipolar properties of the pore contributes to reduced permeability for molecules with a polar core such as the b-lactam antibiotic penicillin.
Impact of particle exchanges in the deterministic protocol
To quantify the extent of the unphysical discontinuity in the forces on nearby particles, caused by ion exchanges in the deterministic protocol, we examined the effect of a single ion/water exchange on all atoms by monitoring the (absolute) forces acting on the atoms before and after the exchange. The wild-type PorB system at 1 M was used at a representative particle exchange event.
Fig . 5 shows the absolute value of the atomic forces (one value per atom) at the time step before the exchange (thin dots) as well as their average (straight black line). The forces are shown as a function of their distance r to the nearest of the two exchanged molecules. Immediately after the exchange, forces were recalculated. Thick dots represent the absolute difference of the forces before and after the exchange.
The force difference is expectably largest near the exchanged molecules (at small r). Within 0.5 nm distance to the exchanged molecules, the force change exceeds the average MD force by almost an order of magnitude Biophysical Journal 101(4) 809-817 (Fig. 5) . This, however, only affects about a dozen atoms, which are located far from the membrane channels. The affected atoms are largely comprised of the exchanged atoms themselves and their first solvation shell. Overall, the average force change amounts to only 0.55% of the mean force. For distances r > 1 nm, the force change is at least an order of magnitude smaller than the mean force. Because of this low level of perturbation, energy minimization steps are unnecessary after exchanges. In practice, the impact of the swaps on the membranes and channels can be further reduced by extending the compartments in z direction.
Nonequilibrium switching
We applied the nonequilibrium switching MC protocol as described in Methods to the double-membrane wild-type PorB system at 1M NaCl, and compared it to the deterministic protocol. As can be seen from Fig. 6 A, starting from initially neutral compartments, the system responds to the selected energy offset W 0 of 175 kJ/mol by adjusting the ratio of anions (green) to cations (blue) in the compartments within 1 ns, whereas the total number of ions (black) only slightly fluctuates around its mean. As a result, a charge imbalance of Dq z 10 (for W 0 ¼ 125 kJ/mol, cyan) and Dq z 20 (for W 0 ¼ 175 kJ/mol, red) rapidly evolves between the compartments, and is then sustained against continuous dissipation by the channel currents by accepted MC moves (black stars) (Fig. 6 B) .
In contrast to the deterministic protocol, in which the desired ion counts per compartment are restored precisely every 0.2 ps, the MC protocol yields larger fluctuations of the total charge imbalance between the compartments, which occur on timescales of a nanosecond. Fig. 6 C shows the ionic current that is evoked as a result of these charge imbalances and, ultimately, of the energy offset W 0 .
For comparison with the results from the deterministic protocol, potential differences DU(W 0 ) and ionic currents I(U) for both channels were calculated as described; however, a single time slice of t ¼ 1-3.5 ns was used here. The values are displayed as gray diamonds in Fig. 3  B; note that the values for W 0 ¼ 175 kJ/mol result in jDU j> 500 mV and are thus only shown in the inset. The values agree surprisingly well with the data recorded with the deterministic protocol. Note, however, that the cationic currents are based on a small number of channel permeations, and hence may suffer from poorer statistics.
Comparison to alternative approaches and conclusion
For comparison to other approaches, and using a similar computational effort as in the deterministic protocol, we computed the one-dimensional potential of mean force (PMF), which is commonly used to address questions around ion permeation and selectivity of ion channels. We performed equilibrium simulations of~100 ns length, from which the PMF profile was calculated according to G PMF (z) ¼ Àk B T ln n(z), using the residence frequencies n(z) within bins of 0.1 nm width along the pore axis z as measure of the free energy a particular ion type experiences along the channel axis. Fig. 4 B demonstrates that, in contrast to our approach, the interpretation of PMF landscapes to extract information on ion flux is not straightforward. As they stand, the main energy barriers in the PMF curve would suggest an anion selectivity of PorB at 200 mM salt of 1.3 5 0.7 (rather than 3.0 as observed from computational electrophysiology and 2.8 from experiment). Based on the PMF, we estimated the conductance of PorB by determining local diffusion rates, calculated as the transition rates of ions between bins of 1 Å width along the pore axis (42) . Extrapolation of these rates to the nonequilibrium case of applied voltages yields a conductance of 3.4 5 1.6 nS at 200 mM (in contrast to~1 nS from experiment and computational electrophysiology). This value suggests a substantially larger channel, whereas its uncertainty is in the range of the experimental conductance. Possible reasons for this discrepancy are the assumption of a low-dimensional reaction coordinate and a local diffusion model.
In the computational electrophysiology approach presented here, no such assumptions are required, thus allowing a direct and accurate estimation of the conductance and selectivity. Simultaneously, it provides detailed mechanistic insight into channel function and channel modulation by mutation and molecular interactions, not as readily obtainable through BD or continuum methods (3, 46) .
Compared to the application of external electric fields, computational electrophysiology is computationally only slightly more expensive, considering the fact that two channels and polarizations can be probed simultaneously. In addition, the usually applied periodic boundary conditions complicate a direct and quantitative comparison to experiment using an external electric field. As noted by Neumann (47) , the relation between the applied electric field and the locally acting field is not a priori known, and depends on the used electrostatics scheme (cut-off, reaction field, Ewald summation, and boundary conditions) as well as on the dielectric distribution across the simulation box. The latter effect is particularly noticeable in systems in which the dielectric distribution is variable in time, for example during membrane pore formation (8) . Moreover, some applications such as the calculation of reversal potentials require two well-separated compartments.
Computational electrophysiology is applicable to channels of small and large conductance and is able to control both concentration and potential gradients. Thus we expect it to be useful for studies of the molecular mechanisms of ion passage, e.g., for the improvement of drugs to overcome resistance mutations in bacterial porins, and in drug design on ion channel targets. Its implementation into the freely available, efficient MD software GROMACS (21) allows simulations of several microseconds and thus enables direct comparison to experiment and biology.
